Abstract Populus euphratica is a salt tolerant species, and Populus 9 canescens is a salt sensitive species. Because stress tolerance is mediated by an array of overlapping defense mechanisms, we hypothesized that P. euphratica would confer co-tolerance to heavy metal stress. To test this hypothesis, both poplar species were exposed to 50 lM Cd for 24 h in hydroponic solutions. For the analyses of stress symptoms in roots and leaves, we used nutrient element concentrations and transcriptional responses of 28 stress-and defenserelated genes. The roots showed strong Cd accumulation, but less in P. euphratica than in P. 9 canescens. In contrast, the leaves of P. euphratica accumulated 10-times more Cd than those of P. 9 canescens. Cd-stressed leaves of P. euphratica displayed water loss and wilting. Both species revealed contrasting transcriptional responses of defense genes to Cd stress. In P. euphratica, glutathione reductase, dehydroascorbate reductase and glutathione S-transferases of the theta and tau classes showed increases in transcript levels in response to Cd, pointing to oxidative stress and a strong activation of detoxification mechanisms. In contrast, in P. 9 canescens transcript levels of genes involved in signaling, activation of, and protection from drought stress were significantly increased including glutathione S-transferases of the phi class (early response to dehydration). Our data show that P. euphratica salt tolerance does not confer Cd tolerance and suggest that failure to activate early protection contributed to higher Cd sensitivity in P. euphratica than in P. 9 canescens.
Introduction
Cadmium (Cd) exerts negative effects on growth of most plant species, even at low concentrations (Sanita di Toppi and Gabbrielli 1999; . Because it has high affinity for thiol groups, Cd affects the cellular sulfhydryl homeostasis by inhibition of SH-containing redox regulated enzymes (Schützendübel et al. 2001; Sharma and Dietz 2009) . As a consequence, this may lead to oxidative stress (Markovska et al. 2009; Rodriguez-Serrano et al. 2009 ). In Populus 9 canescens, short-and long-term exposure to Cd caused significant H 2 O 2 accumulation as well as stimulation of antioxidative systems He et al. 2011 ). This activation contributes to amelioration of Cd-induced stress symptoms (Gratao et al. 2005) . The performance of poplars under Cd stress is of importance because of the potential of fast growing tree species for use in soil reclamation (Robinson et al. 2000) . Many poplar species are adapted to riparian ecosystems (Dickmann and Kuzovkina 2008) . Therefore, their vulnerability to sudden spills of polluted water is of particular interest, for example after hazardous discharges into rivers from industrial hubs and smelting plants or by overflow of mining drainages (Galiulin et al. 2001) .
Previous studies reveal that Populus euphratica is highly salt tolerant and can cope with NaCl concentrations above 300 mM for extended periods of time (Chen and Polle 2010) . It is a poplar species acclimated to dry hot areas, grown along river banks in Asia. In contrast, P. 9 canescens is relatively salt sensitive, showing growth reductions at NaCl concentrations of about 100 mM (Chen and Polle 2010) . Many examples show that plants that can tolerate a particular stress factor also exhibit co-tolerance to other stresses (Pastori and Foyer 2002) . Janz et al. (2010) showed an innate up-regulation of defense pathways in P. euphratica. Activated stress protection measures may then counteract multiple environmental constraints (Singh et al. 2010) . For example, prior exposure to low salinity stress enhanced defenses against abiotic stress and subsequently rendered treated Arabidopsis thaliana plants more Cd tolerant than untreated plants (Xu et al. 2010) . Glutathione (GSH) is a crucial compound mediating Cd tolerance (Wójcik and Tuikendorf 2011) . The activation of glutathione-related genes, in particular glutathione S-transferases (GSTs), has frequently been observed in response to Cd exposure (Suzuki et al. 2001) . In poplars, Cd exposure also affected glutathione (GSH) and activated GST activities Nikolic et al. 2008; Kieffer et al. 2009 ). Heavy metal stimulation of general stress responses was found to partially overlap with responses of poplars exposed to salinity (Nikolic et al. 2008; Ottow et al. 2005) .
Since both Cd and salt enter the plant via the root system and activate, at least, partially common defence responses, we hypothesized that the salt tolerant species P. euphratica, with its innate upregulation of defence pathways (Janz et al. 2010 ) may also be more tolerant to Cd stress than the salt sensitive species P. 9 canescens. To test this hypothesis, the performance of both poplar species was investigated under short-term Cd stress. As a hallmark of Cd toxicity, the water balance was studied. Because signaling and glutathione-related defenses belong to the suite of stress markers, a macroarray containing oxidative stress-and GSH-related genes was constructed and applied to investigate the molecular reactions in roots and leaves of both species.
Materials and methods
Plant cultivation, Cd exposure and harvest Plantlets of P. euphratica and P. 9 canescens (a hybrid of P. tremula 9 P. alba) were multiplied by micro-propagation (KNO 3 24.7 mM, (NH 4 . Approximately six-weeks-old plants were exposed to 50 lM CdSO 4 in the nutrient solution. After 24 h, the plants were separated into leaves, stem and roots. Aliquots of roots and leaves were immediately shock-frozen in liquid nitrogen. The residual material was weighed and dried for 7 days at 60°C. The relative water loss was determined using the following equation: 100 À ½ðfresh mass À dry massÞ Â 100=fresh mass:
Nutrient element determination
The aliquots of dry roots and leaves were milled and then pressure-extracted in HNO 3 . The extracts were for nutrient element analyses by induced coupled plasma atomic emission spectroscopy (SPECTRO CIRO CCD, GmbH & Co KG, Kleve, Germany, Heinrichs et al. 1986 ).
Molecular analyses
RNA was extracted after the method of Chang et al. (1993) , purified with the DNA-free TM reagent kit (Ambion, Kaufungen, Germany), labeled with SuperScript III cDNA (Invitrogen, Life Technologies GmbH, Darmstadt, Germany) using [a-32 P] dCTP (Amersham Biosciences, Freiburg, Germany) and purified with the QIAquick nucleotide removal kit (Qiagen GmbH, Hilden Germany). The activity was determined by counting the Cerenkov radiation. The labeled samples (6 kBq/ml) were used as probes for dot-blot analysis on macroarrays.
Using the method described by Ottow et al. (2005) , cDNAs of 31 selected genes of P. euphratica and one blank were printed in three replicates on nylon membranes (Hyobond N1, Amersham Bioscience, Freiburg, German). The following cDNAs were spotted [listed by Genbank accession number (abbreviation and name of best BLASTn match with A. thaliana)]: AJ768404 (NADPH oxidase, heavy chain), AJ768299 (ATPase, calcium-transporting ATPase 4, plasma membrane-type), AJ771884 (ERF, ethylene response factor, subfamily B-3 of ERF/AP2 transcription factor family), AJ778500 (HB-7, putative homeodomain leucine zipper transcription factor), AJ770753 (CML, calcium binding calmodulin-like protein), AJ768233 (DHAR, dehydroascorbate reductase), AJ778201 (GR, glutathione reductase), AJ767703, AJ778382 (GPX1, GPX2 glutathione peroxidases), AJ776883 (ADH2, zinc containing alcohol dehydrogenase, GroESlike), AJ769438, AJ768435 (ADH1, ADH3, alcohol dehydrogenase class III, glutathione dependent formaldehyde dehydrogenase), AJ779443, AJ770693, AJ771208 (MT1, MT2, MT3 [metallothionein-like proteins]), AJ780543 (glutathione S-conjugate transporting ATPase), AJ770330 (multidrug resistance-associated protein 5), AJ771717 (calcium-transporting ATPase 1, plasma membrane-type), AJ772010 (ATP-binding cassette, subfamily F, member 2), AJ771590 (calcium-dependent protein kinase, isoform 11, CDPK 11) and glutathione S-transferases from different classes: AJ779726 (GST1, phi), AJ768858 (GST2, pi), AJ769448 (GST3, theta), AJ780471 (GST4, zeta), AJ773536 (GST5, theta), AJ775038 (GST6, theta), AJ773476 (GST7, tau) and AJ775724 (GST8, tau). Loading controls were performed by hybridizing against the transformation vector. Dot blots were hybridized with labeled samples overnight at 42°C (UVP Laboratory Products, HB 100 Hybridiser, Cambridge, England) in Ultrahyb buffer (Ambion, Kaufungen, Germany) and washed twice in saline sodium citrate before exposure on a Fuji imaging plate (BAS 1500, Fujifilm, Raytest Isotopenmeßgeräte GmbH, Straubenhardt, Germany). After 6 h, the spots were analyzed with a phosphor imager using AIDA software (Image Analyzer, Raytest Isotopenmeßgeräte GmbH, Straubenhardt, Germany). Each cDNA was spotted three times per filter. Four independent biological replicates were analyzed. Signals were expressed relative to tubulin (Genbank accession number: AJ775509) as the house keeping gene. Actin (AJ775312) and 18SrRNA (AJ775618) were also present on the filter but showed significant changes in response to Cd and were therefore not used as reference genes.
Statistical analysis
Data for biomass, cadmium and water content are the means of n = 6 (±SE). Data for transcript levels are the means of n = 4 biological replicates (±SE), with each replicate being the mean of three technical replicates. Data were analyzed with Statgraphics (STN, St. Louis) using ANOVA or MANOVA. The means were considered to differ significantly if P B 0.05. Stars indicate statistical significance levels: * P B 0.05, ** P B 0.01, and *** P B 0.001.
Results and discussion
Higher Cd transport and sensitivity in P. euphratica than in P. 9 canescens Cd did not cause any significant changes in the relative water content of P. 9 canescens in either the leaves or roots (Fig. 1a) . In contrast, the P. euphratica leaves displayed severe wilting (not shown), due to massive dehydration in response to Cd exposure (Fig. 1a) . No significant changes in the water content of the roots were found (Fig. 1a) .
The roots of both poplar species accumulated high concentrations of Cd, but P. euphratica accumulated less than P. 9 canescens (Fig. 1b) . However, the leaves of P. euphratica contained more Cd than those of P. 9 canescens (Fig. 1b) . These results show that the transport to the aboveground tissues was higher, and root retention lower, in P. euphratica than in P. 9 canescens.
The massive disturbance of the water balance in response to Cd in the leaves of P. euphratica indicates that its Cd sensitivity is higher than that of P. 9 canescens. Damage of the photosynthetic apparatus and disruption of water balance are well-known effects of Cd on plants (Rascio et al. 2008) . Still, the strong negative effect of Cd on P. euphratica was surprising because the overall Cd accumulation in the foliage was moderate, just in a range where initial biomass reductions were reported by BahlsbergPahlsson (1989) . In contrast, P. 9 canescens accumulated about 60-70 lg Cd g -1 d.wt. without any massive effects on photosynthesis (He et al. 2011) , suggesting its higher Cd tolerance.
To investigate if exposure to CdSO 4 interfered with nutrient uptake, in particular that of calcium or sulfur, major nutrient elements were measured in the roots and leaves. With the exception of iron, which increased in Cd-treated plants of P. 9 canescens, no significant changes in any of the nutrients were found in response to Cd in the roots of any species (Table 1) . In contrast, some nutrient elements in the leaves were influenced by Cd exposure (Table 1) . For example, the calcium concentrations in Cd-exposed P. 9 canescens leaves decreased, whereas calcium increased in P. euphratica leaves. This observation does not suggest that the lower Cd susceptibility of P. 9 canescens was caused by greater Ca depletion. In the leaves of P. 9 canescens, but not in those of P. euphratica, sulfur increased after CdSO 4 addition to the nutrient solution (Table 1) . Because the leaves of unstressed P. euphratica contained higher sulfur concentrations than those of P. 9 canescens, it is unlikely that differences in foliar sulfur concentrations were responsible for the observed Cd susceptibility of P. euphratica. We exposed the plants to a sudden burden of high Cd, which can occur in rivers after industrial hazards or when rain storms cause spills of smelting plant drainage ponds (Galiulin et al. 2001) . Under those conditions, there is insufficient time to allow for acclimation involving morphological adaptation of the plant tissues. Therefore, it is possible that the reaction of mature trees may differ, especially when they are exposed to sub-lethal chronic Cd concentrations.
Cd induces different gene expression patterns in P. euphratica and P. 9 canescens A total of 28 genes related to oxidative stress and detoxification were selected from a previously established expressed sequence tag (EST) collection of P. euphratica A Fig. 1 Changes in the water and cadmium contents after 24 h of Cd exposure relative to the controls in P. 9 canescens (white bars) and in P. euphratica (black bars). The water content of the controls of each species was set as 100%, and the water loss was calculated as described in the ''Materials and methods'' section. Cd increment is as follows: [Concentration of Cd (after 24 h exposure)-Concentration of Cd (controls)]. The Cd concentration of the control leaves was below the detection limit and that of the roots was 2.2 ± 1.8 lg Cd g Data are means (n = 6, ±SE). Different letters in columns indicate significant differences at P B 0.05 . Among these genes, five genes (a putative glutathione S-conjugate transporting ATPase, a calcium-transporting ATPase 1, a calcium-dependent protein kinase, a putative ABC transporter, and a multidrug resistance-associated protein 5) were apparently not expressed under our conditions because their transcript abundances were indistinguishable from background levels (not shown). Three genes (an ADH and two MTs) were leaf-specific because their signals were not found in the roots of either P. euphratica or P. 9 canescens (Fig. 2a, b) . The relative transcript abundances of 14 genes were significantly increased in the leaves of Cd-exposed P. 9 canescens trees (Fig. 2a) . These genes included two stress-responsive transcription factors: HB-7, which is regulated in an ABA-dependent manner and may act in a signal transduction pathway mediating drought responses (Olsson et al. 2004 ) and a putative ethylene response factor (ERF) (Libault et al. 2007 ). Furthermore, increases were found in the relative transcript levels of a putative calmodulin-regulated calcium-transporting ATPase that is responsive to osmotic stress (Boursiac et al. 2010 ) and a calcium NADPHox  ADH1  CML  ERF  GST1  GST2  GST3  GPX1  GST4  ADH2  MT2  ADH3  GPX2  GST5  DHAR  MT3  GST6  GR  GST7 NADPHox  ADH1  CML  ERF  GST1  GST2  GST3  GPX1  GST4  ADH2  MT2  ADH3  GPX2  GST5  DHAR  MT3  GST6  GR  GST7 binding calmodulin-like protein (CML) (McCormack et al. 2005) . Increases were also found in the relative transcript levels of ADHs, which are known to play roles in drought tolerance (Polle et al. 2006) , probably because of GSH-dependent removal of formaldehyde (Diaz et al. 2003) . These observations suggest that Cd is sensed and results in an up regulation of stress response genes important for protection from osmotic stress in P. 9 canescens. In addition, NADPH oxidase, which is responsible for H 2 O 2 production as well as various GSTs, MTs and glutathione peroxidases (GPX) displayed increased transcript abundances in P. 9 canescens (Fig. 2a) . These enzymes are important for detoxification processes and maintenance of redox homeostasis (Edwards et al. 2000; Sharma and Dietz 2009) . Notably, the transcript levels of our collection of stress-related genes showed opposing behavior in Cd-exposed leaves of P. euphratica (Fig. 2a) . With the exception of ERF and an ADH, none of the genes stimulated in P. 9 canescens were activated by Cd stress in P. euphratica. Whereas, GSTs with decreased relative transcript abundance in P. 9 canescens, and glutathione reductase (GR), were enhanced in P. euphratica (Fig. 2a) .
With few exceptions, the transcript abundances of the same set of stress-and defense-related genes that were increased in the leaves of P. 9 canescens were also enhanced in the roots of Cd-exposed P. 9 canescens. Notably, these genes were decreased in P. euphratica (Fig. 2b) . Similarly, genes that were not induced, or showed decreased transcript abundance in P. 9 canescens, were stimulated in P. euphratica roots (Fig. 2b) . The strongest increment was found for dehydroascorbate reductase in Cd stressed roots of P. euphratica.
Overall, these results show that typical defense and signaling pathways stimulated by Cd in P. 9 canescens were not responsive, or were even suppressed, in P. euphratica. This may have contributed to higher sensitivity to Cd in the latter species. The activation of glutathione reductase and dehydroascorbate reductase suggests a strong oxidative stress in P. euphratica. Most genes selected for our analyses have a broad response spectrum, notably including drought and osmotic stress. The lack of responsiveness in P. euphratica may have contributed to failure in activating protective measures and may have resulted in the significant water loss and symptoms of drought stress. Recent biochemical analyses of eucalypt exposed to salt or osmotic stress also suggest segregation of these traits (Cha-um and Kirdmanee 2010) .
GSTs are a highly divergent family of proteins, whose functions in vivo are not yet understood (Edwards et al. 2000; Dixon et al. 2009; Lan et al. 2009 ). Although we can only speculate about the reasons for the differential regulation of the analyzed GST genes in P. 9 canescens and P. euphratica, we noted that the GSTs with increased transcript abundance in P. euphratica belong to the tau and theta classes. These classes have functions in the detoxification of organic hydroperoxides (theta class), or act as hormone responsive ligandins (tau class) (Edwards et al. 2000) . In contrast, the GSTs with increased transcript levels in P. 9 canescens were-with one exception (AJ769448)-members of the pi, zeta and phi classes. The phi class contains proteins previously called ERD (early response to dehydration), underlining the significance of activation of drought responses as a protection from Cd.
In conclusion, this study shows that P. euphratica, a species acclimated to saline and arid conditions (Janz et al. 2010) , was even more sensitive to Cd than P. 9 canescens. This result was surprising as it is in contrast to our initial hypothesis. One reason for the observed Cd sensitivity of P. euphratica is probably its higher uptake and transport rate of Cd to aboveground tissues. Furthermore, P. 9 canescens and P. euphratica showed diverging responses of the genes analyzed. In P. 9 canescens leaves, the transcript abundance of several genes involved in signaling and activation of stress tolerance mechanisms increased, whereas in P. euphratica the main responses were increased in GSTs likely involved in detoxification.
Apparently, in P. euphratica, activation of broader defense mechanisms failed, and detoxification was insufficient to prevent injury. The observed up-regulation of genes important for drought tolerance in P. 9 canescens suggests that these genes are implicated in co-tolerance to Cd. In fact, co-tolerance to drought and Cd has previously been reported for wheat cultivars (Milone et al. 2003) , which supports our conclusion. Furthermore, P. euphratica, despite its occurrence in dry hot areas, is not drought tolerant because it forms a deep rooting system with permanent access to the water table (Chen and Polle 2010) . A comparison of different poplar species showed that P. euphratica was among the most sensitive to drought (Hukin et al. 2005) . Based on the findings of the present study, usage of P. euphratica for soil reclamation does not appear advisable. Further long-term studies under field conditions are required before definite recommendations can be made. These studies should preferably be conducted in different environments to test for genotype/environment interactions, as suggested by Sixto et al. (2011) .
